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Monosynaptic
connections
to dorsal neck motoneurons
of
the cat from single afferents supplying
primary endings of
neck muscle spindles
were studied using spike-triggered
averaging
techniques.
Single-fiber
EPSPs were detected
in
only 11 of the 112 afferent-motoneuron
pairs examined. The
average amplitude
of single-fiber
EPSPs recorded
in motoneurons
with a membrane
potential of greater than -40 mV
was 49 PV. Motoneurons
receiving functional contacts from
a single afferent were confined to a small rostrocaudal
zone
within the motor nucleus.
The low frequency
of single-fiber
EPSPs in neck motoneurons could not be attributed to the absence of projections
to the ventral horn or to damage to either the afferents or
motoneurons.
Our results suggest, therefore, that single afferents from neck muscle spindles make functional contacts
with a small fraction of neck motoneurons,
unlike the arrangement
seen in more commonly studied hindlimb muscle
systems (Henneman
and Mendell,
1981).

Electrophysiological experimentshave shown that monosynaptic connectionsbetweenmusclespindle afferentsand motoneurons of the large dorsal neck musclesappear to be weaker than
similar connectionsbetweenhindlimb muscleafferentsand their
homonymous motoneurons. For example, low-intensity electrical stimulation of neck musclenerves generally evokes small
(averageamplitude, 400 ~LV:Rapoport, 1979; range, 350-3 100
pV: Brink et al., 198I), usually subthreshold, monosynaptic
EPSPsin neck musclemotoneurons(Wilson and Maeda, 1974;
Abrahams et al., 1975; Anderson, 1977; Ezure et al., 1978;
Rapoport, 1979; Brink et al., 1981). In the analogoussituation
in the lumbosacral spinal cord, stimulation of the medial gastrocnemiusmusclenerve leadsto an averagemonosynapticEPSP
of 4.6 mV in medial gastrocnemiusmotoneurons (Eccleset al.,
1957).
The size of such composite EPSPswill be determined by a
combination of several pre- and postsynaptic factors. These
include (1) the number of muscle spindle afferents that are activated by electrical stimulation of the muscle nerve, (2) the
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proportion of theseafferentsthat make a functional contact with
eachmotoneuron, and (3) the amplitude of the single-fiberEPSP
that individual afferents generate in each motoneuron. When
these factors are considered,the relatively small amplitude of
EPSPsrecorded in neck musclemotoneurons is puzzling. Each
of the segmentalnerves innervating the large dorsal neck muscles contains 50-80 muscle spindle afferents (Richmond and
Abrahams, 1975b; Richmond et al., 1976), which is roughly
equivalent to the number of muscle spindles in the hindlimb
muscle,medial gastrocnemius(Chin et al., 1962).Furthermore,
intra-axonal staining of singleafferents supplying primary endings of neck musclespindles(Keirstead and Rose, 1988) have
demonstrated that each afferent gives rise to several collaterals
in the segmentin which it entersthe spinal cord. The collaterals
are spaced,on average, 3.3 mm apart, and each collateral gives
rise to an arborization in the ventral horn that extends, on
average, for 1400pm in the rostrocaudal plane. Although there
are likely to be gapsbetween the termination zonesof adjacent
collaterals, the long rostrocaudal spread of dendrites of dorsal
neck motoneurons (2-3 mm, Rose, 1981; Keirstead and Rose,
1983) could permit motoneurons whosesomatalie in the gaps
to be contacted by nearby collaterals. Thus, our morphological
data suggestthat eachafferent could potentially contact the majority of the motoneurons in the samesegmentasits dorsalroot
entry, an arrangementcommonly seenin the lumbosacralspinal
cord (for a review, seeHenneman and Mendell, 1981). Singlefiber EPSPsevoked by individual afferents should therefore be
small in order to explain the small composite EPSPsobserved
in responseto musclenerve stimulation.
The presentexperiments were designedto evaluate the contribution of individual neck muscle spindle afferents to the
monosynaptic connection with neck motoneuronsusing spiketriggered averaging techniques (cf. Mendell and Henneman,
1971). Our results indicate that, contrary to our expectations,
singleafferentsmake functional contacts with a very smallproportion of the motoneurons innervating dorsal neck muscles.
Preliminary accounts of someof the results of this study have
been reported previously (Keirstead and Rose, 1984; Roseand
Keirstead, 1986).
Materials

and

Methods

Experiments
were conductedon adult cats,anesthetized
with sodium
pentobarbital
(Somnotol,
MTC;
35 mg/kg, ip). All surgicalprocedures
were identical
to those used in a previous
study of the morphology
of
afferents
originating
from primary
endings
of neck muscle
spindles
(Keirstead
and Rose, 1988). The cats were paralyzed
with gallamine
triethiodide
(Flaxedil,
Poulens;
2.5-5.0
mg/kg/hr)
and artificially
respirated.
During
paralysis,
the depth of anesthesia
was monitored
by
observing
pupil diameter.
Normally
the pupils were tightly constricted.
If the pupils dilated
and showed evidence
of a reflex constriction
to
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Table 1. Projection frequencya
Motoneuron
Afferent

C2 SP

C3 SP

c2
c3
C2
C3
C3
C4

O/26
l/3

O/5
8/26

SP
SP
BCCM
BC
CM
BCCM

O/l

C2 BCCM

O/l
O/5

C3 BC

C3 CM

2/27
o/10
O/8

O/l

A&rents were classifiedaccording to the segmentin which they entered the spinal
cord (e.g., C3) and their origin (e.g., BC). Motoneurons were classified by their
segmental location (e.g., C2) and the muscle they supplied (e.g.,SP).
u Number of single-fiber EPSPs/number of afferentmotoneuron pairs examined.

Figure 1. Recording arrangement. Single afferents were recorded extracellularly near the junction of Cl and C2 (A). The membrane potentials of neck motoneurons located in the caudal part of C2 or throughout
C3 were recorded (B) and used as the input to a signal averager that
was triggered by afferent activity.
bright light, additional doses (5 mg/kg) of sodium pentobarbital were
administered intravenously. The supplementary anesthetic caused the
pupils to constrict and the reflex to light was lost.
The spontaneous activity of single neck muscle spindle afferents supplying biventer cervicis (BC), complexus (CM), and splenius (SP) was
recorded extracellularly with a tungsten microelectrode in the dorsal
funiculus, near the Cl/C2 border, just medial to the dorsal root entry
zone (Fig. 1). The nerves supplying BC and CM travel together in the
C2, C3, and C4 dorsal rami (Richmond and Abrahams, 1975a; Abrahams et al., 1984). The C3 nerves supplying BC and CM were separated
and placed on separate stimulating electrodes. However, the C2 and C4
nerves to BC and CM are difficult to separate and hence they were not
stimulated individually. BC and CM afferents travelling in the C2 and
C4 nerves were therefore referred to as BCCM afferents. Single afferents
were identified by their latency and the stimulus intensity required to
evoke a response. Spike amplitude, latency, and stimulus threshold were
continuously monitored to ensure correct identification of each afferent.
Stable extracellular recordings from single afferents could usually be
maintained for l-3 hr.
A detailed account of the methods used to distinguish afferents innervating primary endings of neck muscle spindles from other receptors
has been previously described (Keirstead and Rose, 1988). Briefly, axons
were considered to innervate primary endings of neck muscle spindles
if (1) they were excited directly by stimulation of a neck muscle nerve,
(2) they were tonically active when the muscles were at or below resting
length, and (3) their instantaneous discharge frequency varied by 6% or
more of the mean frequency when the muscles were at or below resting
length. All of the afferents described in the present study fulfilled these
criteria. Although these criteria are less comprehensive than those usually employed to distinguish primary and secondary endings (Matthews,

1972), more extensive manipulation of the neck muscles was precluded
by the proximity of the recording electrode to the neck muscles themselves. Moreover, the use of these criteria reliably distinguishes between
afferents innervating primary endings of muscle spindles and other types
of receptors in neck muscles (cf. Richmond and Abrahams, 1979; Keirstead and Rose, 1988).
Intracellular recordings were made using glass micropipettes filled
with 2.5 M potassium acetate. The electrodes were beveled to yield tips
of l-2 pm, and these electrodes had initial DC resistances of 2-5 MO.
Motoneurons were impaled in the caudal part of C2 and throughout C3
and were excited antidromically by stimulation of C2 or C3 nerves
innervating BC, CM, or SP. A low-gain DC display and digital voltmeter
were used to monitor resting membrane potential. High-gain AC recordings (bandpass 1 Hz-10 kHz) of motoneuron membrane potential
were stored on magnetic tape with an FM recorder (Racal-Thermionic).
A record of the muscle spindle afferent activity was stored simultaneously on a second channel of the tape recorder. A spike discriminator
(WP Instruments) was used to generate a brief pulse, one for every action
potential, which triggered a signal averager (Neurolog NL 750 or Nicolet
1070) to sample lo- to 25-msec-long records of motoneuron membrane
potential. Since the afferents were recorded near the Cl/C2 border, the
recorded action potentials could occur later than, or at the same time,
as the action potential arrived at the motoneuron pool in the caudal
part of C2 or in C3. Consequently, the motoneuron membrane potential
record was delayed by 1.25-5.0 msec using an analog delay unit (Neurolog NL 740) before being led to the signal averager (see Kirkwood
and Sears, 1980). One thousand and twenty-four sequential records were
averaged in 4 groups of 256 responses. Calibration pulses of 10 pV,
superimposed on records of motoneuron membrane potential, were
readily distinguished using this averaging procedure. Extracellular records (1024) were taken immediately adjacent to the motoneuron and
were averaged using the same procedure. A hard copy of the averaged
responses was obtained using an x-y plotter (Hewlett Packard). Measurements of latencies, lO-90% rise times, and amplitudes of the averaged EPSPs were obtained from these records. No attempt was made
to correct for the effects of synchronous afferent activity on the amplitude
and rise time of single-fiber EPSPs. However, based on the studies of
Hamm et al. (1985), it is unlikely that estimates of amplitude and rise
time are overestimated by more than 5 @V and 0.06 msec, respectively.

Results
Spike-triggered
averaging was performed on 112 afferent-motoneuron pairs (40 afferents and 111 motoneurons).
In 97 of the
112 pairs the motoneuron’s
resting membrane
potential was
greater than or equal to -40 mV, while in the remaining
15
pairs the resting membrane potential was between -22 and - 39
mV. All 112 pairs were included in the analysis of functional
connectivity, however, since EPSPs were easily distinguished
in
2 motoneurons
whose membrane
potentials,
throughout
the
penetration,
were -22 and -30 mV, respectively. In addition,
spike-triggered
averaging was repeated several times on one
afferent-motoneuron
pair as the membrane potential of the motoneuron
deteriorated
from -54 to -25 mV. Although
the
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2. Examples of single-fiber potentials recorded in neck motoneurons. The upper truces are intracellular records (scale bar, 20 PV in A-F,
10 PV in G) and the lower truces (in B, C, E, F, and G) are extracellular records (scale bar, 10 pV). A, Example of the membrane potential of a
motoneuron triggered by an afferent whose activity failed to elicit a detectable single-fiber EPSP. Membrane potential, -60 mV. B, Single-fiber
EPSP recorded in the same motoneuron as shown in A while triggering from a different afferent. Membrane potential, -50 mV. This was the
smallest single-fiber EPSP detected. Note the presence of a terminal potential in the extracellular recording. C, Single-fiber EPSP recorded in another
motoneuron while triggering from the same afferent used in B. Membrane potential, -58 mV. D, Single-fiber EPSP with a fast rise time and decay.
There was no evidence of an axonal, terminal, or focal potential in the extracellular recording (not shown). Membrane potential, -76 mV. E,
Single-fiber EPSP with a slower rise time and decay. Membrane potential, -68 mV. F, Single-FaberEPSP with a focal synaptic potential recorded
extracellularly. This was the largest single-fiber EPSP recorded. Membrane potential, -53 mV. G, Axonal potential recorded intracellularly and
extracellularly. There was no detectable single-fiber EPSP in this motoneuron. Membrane potential, -68 mV.

Figure

amplitude of the single-fiber EPSP decreased from 69 to 39 pV,
there was no difficulty in distinguishing the EPSP at membrane
potentials of -25 to -35 mV.
Single-fiber EPSPs were recorded in only 11 of the 112 (9/
97, resting membrane potential greater than -40 mV) neck
muscle afferent-motoneuron
pairs examined (Table 1). These
EPSPs were evoked by the activity of 5 afferents. In all, 21
afferent-motoneuron
pairs were examined using the activity of
these afferents as the triggering signal. The relatively high frequency of single-fiber EPSPs in C3 SP motoneurons, triggered
by activity in C3 SP afferents (8/26, Table l), was largely a
consequence of the connections of one afferent that evoked single-fiber EPSPs in 5 of 10 SP motoneurons (Afferent 5, Fig. 3).
In 65 motoneurons in which a single-fiber EPSPs could not
be detected by spike-triggered averaging, the composite monosynaptic EPSP was examined by electrically stimulating one or
more muscle nerve branches. If the afferent axon was in the
same nerve branch as that of the motoneuron, the nerve was
stimulated below threshold for antidromic invasion. Otherwise,
the stimulus to the nerve branch containing the afferent was at
least 4 times threshold for extrafusal muscle contraction (as
determined before paralysis). Composite monosynaptic EPSPs,
ranging from 40 to 3 120 PV in amplitude, were observed in all
but 5 motoneurons.
The single-fiber EPSPs recorded in neck muscle motoneurons
had amplitudes ranging from 13 to 85 WV (mean, 49 hV, n =
9, resting membrane potential >40 mV). The rise time of singlefiber EPSPs varied from 0.25 to 0.89 msec. The half-width was
difficult to determine as most single-fiber EPSPs were small and
some did not decay smoothly. There was occasionally a discrete

hump or plateau which appeared to be superimposed on the
falling phase (Fig. 2E). Terminal potentials-small
positivenegative field potentials (see Munson and Sypert, 1979)- were
not recorded intracellularly in association with single-fiber EPSPs,
but axonal potentials-small
negative field potentials (n = 5;
see Munson and Sypert, 1979)-and terminal potentials (n =
3) were recorded at sitesjust extracellular to 8 of the 11 motoneurons in which single-fiber EPSPswere recorded (Fig. 2).
The latency from the positive peak of the terminal potential to
the onsetof the singlefiber EPSPwas0.33,0.45 and 0.64 msec,
respectively. Single-fiber focal synaptic potentials (cf. Munson
and Sypert, 1979)were rare (n = 2). One focal synaptic potential
was recorded just extracellular to one of the motoneurons in
which a single-fiber EPSP was detected (Fig. 2fl. The other
focal synaptic potential (amplitude, 11 pV; duration, 8.5 msec)
was associatedwith a terminal potential. However, the afferent
recording was lost before any intracellular recordingscould be
made. Axonal potentials were only detected on 4 occasionsin
regions where single-fiber EPSPs were not observed. In 3 of
thesecases,axonal potentials were recorded both intracellularly
and extracellularly (Fig. 2G).
Motoneurons in which single-fiberEPSPswere recordedwere
not distributed evenly within the motoneuron nuclei. In 10
cases,recordingswere made in 4 to 11 motoneuronswhile triggering from a singleafferent. These motoneurons were spread
over a distance of 775 to 2700 pm in the longitudinal plane. In
8 instances,no EPSPswere recorded in any of the motoneurons
(e.g., Fig. 3, afferents 1, 2, 3). When a single-fiber EPSP was
detected, asin the remaining 2 cases(Fig. 3, afferents 4 and 5),
adjacent motoneurons had single-fiberEPSPs.While triggering
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to muscle nerve stimulation in 60 of 65 motoneurons in which
single-fiber EPSPs were not detected. In addition, we rarely
recorded axonal and terminal potentials, except near motoneu000
cl000
Afferent
1
’
o ’
rons in which a single-fiber EPSP was recorded. These potentials
are recorded extracellularly, and they do not depend on the
integrity of the motoneuron. All of these observations suggest
000000
0
that the absence of detectable single-fiber EPSPs was more likely
Afferent
2
to be due to the absence of a functional connection than to an
inability of the postsynaptic motoneuron to generate a detectable EPSP.
Afferent
3
Although the projection frequency of single neck afferents
from spindle primaries to neck motoneurons is very low compared with that of hindlimb muscle spindle afferents to their
Afferent
4
homonymous motoneurons, this feature is not a unique characteristic of afferents from dorsal neck muscles.For example,
Appenteng et al. (1978) recorded small (mean amplitude, 18
Afferent
5
FV) single-fiberEPSPsin 14 of 9 1 recordingsfrom motoneurons
supplying jaw elevator musclesof the cat. These investigators
attributed the low frequency of single-fiber EPSPsto the localO No detectable
resDonse
ized projection of singleafferents to small regionsof the motor
500 urn
. EPSP
nucleus (seealso Appenteng et al., 1985). Other studieshave
Figure 3. Examples of the rostrocaudal positions of motoneurons from
shown that musclespindleslying in musclesinvolved in lateral
which recordings were made while triggering from individual afferents.
jaw movementsalso project to a small percentageof their homR, rostral; C, caudal.
onymous motoneurons (11 of 32 afferent motoneuron pairs:
Nozaki et al., 1985). The external intercostal muscle system
from afferent 5, single-fiber EPSPswere recorded in 5 of 6 morepresentsa lessextreme casein which singleprimarylike muscle
toneurons that were confined to an 800~wrn-longzone. Singlespindle afferents project to 42-48% of ipsisegmentalexternal
fiber EPSPswere not recorded in motoneurons located rostra1 intercostal motoneurons (Kirkwood and Sears, 1982a). Thus,
or caudal to this region. In those casesin which a single-fiber although there is comparatively little information about the
EPSP was recorded in only one motoneuron, the afferent was
spinalprojections of musclespindle afferentsin musclesystems
lost before neighboring motoneurons could be studied. Thus,
other than those of the hindlimb, the available information
the rostrocaudal extent of the singleafferent’s effects could not
suggeststhat the projections to motoneurons are not governed
be determined.
by a singleset of rules.
As describedin the introductory remarks, we had anticipated
Discussion
that each afferent would contact a large fraction of the motoThe resultsof this study indicate that singleafferentsinnervating
neurons in an individual nucleus. The low percentageof conprimary endingsof neck musclespindlesmake functional connectivity that we have observed could be explained in at least
tacts with a small proportion (overall, 10%) of neck muscle 2 ways. Obviously, if many boutons of each collateral contact
motoneurons. In light of this very low percentageof connectivneurons other than motoneurons (for possibletarget neurons,
ity, especially in comparison with the data obtained in similar
seeKeirstead and Rose, 1988) there would be fewer boutons
studies on Ia-motoneuron connectivity in hindlimb muscles available to contact motoneurons. It is equally possiblethat
(Henneman and Mendell, 198l), it is necessaryto considerthe
most of the contacts are on neck motoneurons, but that many
possibility that the present study hasyielded an artificially low
of the contactsare “nonfunctional.” Several recent studieshave
estimate of the projection frequency of single neck muscle afdemonstratedthat the probability of releaseat singleIa afferent
ferents. There are several reasonsto believe that this is not the
boutons in the lumbosacral spinal cord can be as low as zero
case.
(Edwardset al., 1976; Hirst et al., 1981; Jack et al., 1981; RedIn the present experiments, afferent activity was recorded in
man and Walmsley, 1983; Henneman et al., 1984).
the dorsal funiculus in the rostra1part of C2. This site is at least
Clamann et al. (1985) have demonstratedthat the projection
several millimeters rostra1to the location of the motoneurons
frequency of hindlimb Ia afferentsonto hindlimb motoneurons
studied, as well asthe level at which most afferents entered the
is related to 3 factors: the conduction velocity of the afferent,
spinal cord (seeFig. 1). Thus, the afferent recording electrode
the conduction velocity of the motoneuron, and the distance
could not produce a conduction block in the afferent between
between the spinal entry point of the afferent and the location
the recording site and the motoneurons (seealso Harrison and
of the motoneuron. The conduction velocity of afferents from
Taylor, 1981).
primary endingsof neck muscle spindlesare lower (average55
m/set: Richmond and Abrahams, 1979) than similar hindlimb
It is also unlikely that membrane damagedue to electrode
impalement could significantly reduce the percentageof moafferents, but hindlimb spindle afferents with conduction vetoneuronswith detectable EPSPs.In agreementwith Watt et al.
locities in the range of 50-60 m/set make functional contacts
(1976) we found that the amplitude of single-fiber EPSPsdewith approximately 50% of homonymous motoneurons (Clacreasesas the motoneuron membrane potential deteriorates.
mann et al., 1985).We did not examine the effect of motoneuron
Nevertheless, these EPSPs are still easily detected. The funcaxon size and the distancebetweenindividual motoneuronsand
tional integrity of impaled motoneurons was further substan- the points at which the afferents entered the spinal cord. Howtiated by the fact that compositeEPSPswere evoked in response ever, the projection frequency of hindlimb afferents is at least
R
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50% for motoneurons
with slow conduction
velocities located
more than 2 mm from the sites at which the afferents entered
the spinal cord (Clamann et al., 1985). Thus, the known relationship between percentage of connectivity
and properties of
either the afferents or motoneurons
do not fully explain the low
projection
frequency of neck muscle spindle afferents to their
homonymous
motoneurons.
The amplitudes
of single-fiber EPSPs recorded in neck motoneurons were typically smaller than seen in hindlimb
motoneurons (average amplitude,
49 vs. - 100 pV: Henneman and
Mendell,
198 1). This feature, together with the low projection
frequency of single afferents, suggests that monosynaptic
connections of afferents from primary endings of neck muscle spindles to dorsal neck motoneurons
have a minor role in the control
of head movement.
This conclusion
may be premature.
The
amplitude
of single-fiber
EPSPs recorded in hindlimb
motoneurons is not fixed but varies with the frequency of afferent
activity and the previous history of afferent activity (Hirst et
al., 1981; Luscher et al., 1983; Honig et al., 1983; Davis
et al., 1985). Thus, under some circumstances,
the amplitude
of single-fiber EPSPs in neck motoneurons
may be greater than
our averaged records imply. Furthermore,
the small amplitude
of single-fiber EPSPs recorded in jaw motoneurons
and the low
projection
frequency of jaw muscle afferents suggest that these
connections
are also functionally
weak. Yet excitation of jaw
muscle spindles evokes a powerful monosynaptic
stretch reflex
and can contribute significantly to the regulation of jaw muscle
stiffness (Lamarre and Lund, 1975; Goodwin et al., 1978). Similarly, the apparently weak monosynaptic
connections of spindle
afferents to external intercostal motoneurons
can increase motoneuron activity if the motoneuron
is tonically active (Kirkwood and Sears, 1982b). Finally, neck motoneurons
that receive
functional contacts from single neck muscle afferents appear to
be arranged in clusters. Since collaterals from single neck muscle
afferents are widely spaced (Keirstead and Rose, 1988), each
cluster may be the result of a selective functional projection of
a single collateral. As a consequence, a single neck muscle afferent would project to several separate groups of motoneurons
located along the rostrocaudal
axis of the motoneuron
nucleus.
The position of each motoneuron
group would correspond approximately
to the position of the collaterals from individual
neck muscle afferents. Dorsal neck muscles have an unusually
complex architecture
and are composed of several, in series,
compartments,
some of which can be further divided into smaller subcompartments
based on their innervation
(Brink et al.,
198 1; Richmond
et al., 1985; Armstrong
et al., 1988). Thus,
the discontinuous
and localized projection of single neck muscle
afferents may reflect the demands of an unusually complex muscle architecture where motoneurons
in a single cluster innervate
muscle fibers in the same compartment
and motoneurons
in
adjacent clusters innervate functionally
related, in series, muscle
compartments.
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